DNA ofhuman spumaretrovirus (HSRV) was cloned from both cDNA and from viral DNA into phage A. and bacterial plasmid vectors. The recombinant plasm.ids harboring viral DNA were characterized by Southem blot hybridization and restriction mapping. Physical maps were constructed from cDNA and found to be colinear with the restriction maps obtained from viral DNA. The recombinant clones isolated contained viral DNA inserts which rangein size from 2.2 kb to 15.4 kb. The recombinant clones allowed to construct a physical map of the complete HSRV provirus of 12.2 kb.
INTRODUCTION
Spumaretroviruses (foamy viruses) have been known for many years. They have been isolated from many species including man (Hooks and Hooks, 1981) . It was particularly D.C. Gajdusek and bis group who succeeded in isolating many simian foamy viruses during their classical experiments on Kuru and slow virus infections (Rogers et al., 1967; Gajdusek, 1977) . Epidemiological data indicate a natural prevalence of foamy virus infection among men in East Africa (Muller et al., 1980) . Foamy viruses have been found in patients with various diseases (Weiss et al., 1982) . In cell culture, foamy viruses replicate only poorly, but cause a cytopathogenic effect with multinucleated giant-cell fonnation concomitant with typical vacuolization in a wide range of cells (Hooks and Hooks, 1981 ) . They have been classified as a third subfamily of retroviridae and termed spumaviruses. Since the molecular biology of these viruses is virtually unknown, we molecularly cloned spumaretroviral DNA. As starting material for cloning, either DNA complementary to the HSRV genome or viral DNA from the genomic DNA ofHSRV-infected human cells was prepared. The molecular clones of HSRV DNA will facilitate further studies on the structure and function of HSRV genome and its gene products. HEL cells were grown as described (Flügel et al., 1987) and HSRV.was kindly provided by Dr. P. Loh (Loh and Ang, 1981 ) . Virus was propagated by rnixing infected HEL cells with uninfected growing HEL cells at a ratio of 1: 4 (Neumann- Haefelin et al., 1983) . For in vitro labeling ofviral RNA, 16.5
3 H]uridine (spec. act. 38 Cijmmol) per ml of culture medium was added. HSRV virions were clarified from cell supernatants by ultracentrifugation on days 2-5 after infection when the cytopathic effect was almost complete. Virus was resuspended in TKM buffer (Obara et al., 1971 ) and stored at -20 o C until further processing.
(b) Virus purification and synthesis ofHSRV cDNA HSRV was purified by centrifuging twice through a 20-60% sucrose gradient in TKM butT er for 4 h at 100000 x gin a SW41 rotor (Beckmann). Density fractions of 1.155-1.175 g/ml shown to have maximum reverse transcriptase activity and in addition, to contain 3 H-labeled RNA, were used for synthesis of viral cDNA.
For frrst-strand synthesis the method of Rotbenberg and Baltimore (1976) was modified. The reaction volume of500 J.Ll contained 50 mM Tris (pH 8.3), 8 mM MgC1 2 , 0.4 mM MnC1 2 , 100 mM KCI, 1 mM dithiothreitol, 1 mM of each dNTP, 0.01% NP40, 75 J.Lg/ml oligo(dT) 12 primer (Boehringer Mannheim), and 30 J.Lg/ml oligodeoxynucleotide primers (provided by Dr. John Taylor) and an appropriate amount of virus. The reaction was carried out at 37°C for 20 h. Aftertreatment with SDS and proteinase K the primary product was extracted with phenol-chloroform, and precipitated with ethanol. For synthesis of the second strand the procedure of Gubler and Hoffmann (1983) was followed. The fmal product was labeled according to Rigby et al. {1977) , using 100 J.LCi each of the four ( cx-32 P]dNTPs, and used as probe for molecular hybridization.
( c) Molecular cloning of riral cDNA Stock-frozen viruswas used directly for synthesis of double-stranded HSRV cDNA. In two separate sets of experiments, cD NA was cut either with EcoRI or with Hindlll, Iigated to the corresponding sites of the phage vector A.NM 1149 (Murray, 1983) and packaged (Hohn, 1979) . Recombinant phages were selected by plating on Escherichia coli POP13b (Murray, 1983) . HSRV-positive clones were identified by filter hybridization using [
32 P]cDNA made from sucrose-gradient-purified virions as described above.
Out of 5000 recombinant clones, 180 hybridized to were prepared according to standard protocols (Maniatis et al., 1982) . Insert DNAs from clones A.HSRV-EcoRI 1 to 30 were purified by 0.8% agarose gel electrophoresis and recloned into the Eco RI sites of the plasmid vector pACYC184 (Chang and Cohen, 1978) . Selection, amplification, and purification of the recombinants were carried out as described previously (Maniatis et al., 1982) . HSRVpositive clones were identified by hybridization using separately synthesized [3 (Frischauf et al., 1983) . DNA was packaged and recombinant phages were plated on E. coli NM539 (Frischauf et al., 1983 ) . Out of 3 x 10 4 recombinant clones that were screened, two recombinant clones were identified to bear HSRV-specific sequences by filter hybridization with nick-translated DNA from pyHSRV-E-02. The two recombinant phage clones were plaque-purified and re-screened. Insert DNA (15.4 kb) was extracted from low-melting-point agarose and recloned into the BamHI sites of the plasmid vector pSP65 (Melton et al., 1984) and the clone designated pSPHSRV-B-C11 was characterized in detail.
(e) Analysis of recombinant DNA ONAs were cleaved with different restriction endonucleases and were separated by agarose gel electrophoresis. Fragments were transferred to nitrocellulose according to Southem (1975) . Individual ONAs (0.5 Jlg) were labeled as described by Rigby et al. (1977) (a) Molecular cloning of cDNA complementary to HSRVRNA S pumaretrovirus particles were prepared from HEL cell supematants, purified by sucrose gradient centrifugations, and directly used for synthesis of viral cONA as described in MATERIALS AND METHODS, section b. To clone HSRV cDNA, it was digested with Eco RI and the fragments were Iigated to EcoRI-cleaved A.NM1149 DNA (Murray et al., 1983) , packaged into phage envelopes and plated on E. coli. Plaques were screened by fdter hybridization using separately synthesized HSRV [ 32 P]c0NA from sucrose-gradient-purified virions as hybridization probe. Out of 5000 recombinant clones, 180 clones were identified as positive. Several of the positive recombinant clones were cleaved with EcoRI, and the insert DNA was recloned into the EcoRI sites of the plasmid vector pACYC184 and found to hybridize to [l 2 P]cDNA (Fig. 1) . The resulting recombinant plasmid clones were termed pyHSRV-E-02, 03,04 and 06. One ofthem, 02, was characterized in detail by restriction enzyme and Southem blot analysis (clone 2 in Fig. 3 ).
Another series of recombinant clones were obtained in an analogous way by using the Hindill instead ofthe EcoRI enzyme to cleave viral cDNA synthesized in vitro. Mter ligation and packaging, five positive plaques were identified from a total of 50 recombinant ,t phage clones that were screened.
The DNA of one clone was cleaved with Hindlll, inserted into tbe Hindill site of the plasmid vector pAT153, termed pHSRV-H-CSS, and was characterized in detail (clone 55 in Fig. 3) .
To confrrm the viral origin of the recombinant clones obtained, all clones were hybridized to DNA from mock-infected and HSRV-infected HEL cells that bad been digested with various restriction enzymes. Fig. 2 sbows the result of these experiments using nick-translated [ 32 P]DNA from clone 02. Positive hybridization signals (Ianes 7 to 12) were clearly detectable in DNAs from HSRVinfected cells but not in genomes from uninfected cells.
(b) Ooning of HSRV DNA Genomic DNA from HSRV-infected HEL cells was digested with BamHI and screened for HSRVspecific sequences by using 32 P-labeled recombinant plasmid clones (02, C55) that bad been established from viral cDNA (Fig. 2) . Hybridizing BamHI DNA fragments were isolated, purified by agarose gel electrophoresis, and Iigated to A.EMBL4 DNA that bad been digested with BamHI tbereby removing a 19.3 kb fragment from the A.DNA. The Iigated DNA was packaged into phage particles and plated on the appropriate E. coli host. Two positive plaques out of 30 000 recombinant phages screened were identified by hybridizing them to 32 P-labeled 02 DNA. Several of the resulting recombinant phage clones were cleaved with Bam HI that yielded viral DNA inserts 15-16 kb in size which were subsequently recloned into the Bam HI site of the bacterial plasmid vectorpSP65 (Melton et al.; . One of tbese recombinant plasmid clones tenned pSPHSRV-B-C11 (clone 11 in Fig. 3 ) was cbaracterized in detail by restriction enzyme analysis and Southem blot. hybridizations (Flügel et al., 1987) .
In anotber set of experiments, a 2.2-kb BamHI DN A fragment tbat had been prepared from genomic DNA ofHSRV-infected HEL cells hybridized to the viral cDNA insert of clone 02. This BamHI fragment was directly cloned into the Bam Hl site of the plasmid vector pAT153, termed pHSRV-B-52 (clone 52 in Fig. 3 ) and analyzed in detail. with various restriction enzymes and analyzed by electrophoresis on agarose gels. Subsequently, the gels were stained with EtdBr (Figs. 4A and 5A), transferred to nitrocellulose and hybridized with 32 P-labeled recombinant plasmids prepared from cDNA (Fig. 4B,C and Fig. 5B,C) . Hindilldigestion ofclone C55 yields two fragments of5.4 and 3.6 kb; the 5.4-kb DNA fragment corresponds to the HSRV-specific DNA insert (Fig. 4B, lane 1) . EcoRI cleaved the DNA of clone D2 into two large fragments (Fig. 4, lanes 2 ) of sizes of 6.4 (viral insert) and 4.0 kb (vector) (Fig. 4) . Further fme mapping revealed that the overlapping regions of clones D2 and C55 are located at the termini of the inserts of both recombinant plasmids as indicated schematically in Fig. 4C . The result was confrrmed by nucleotide sequence analysis which proved that the overlap regions encompassed 1225 and 651 nt (Flügel et al., 1987) .
To determine the structure and the nucleotide sequence arrangements of those recombinant plasmid clones that contained even larger viral DNA inserts of 15.4 kb, further blot hybridization analyses were performed using 32 P-labeled DNA from clones D2 and C55. The results shown in Fig. 5 ,A to C and Fig. 6,A and B indicate that most of the recombinant clones harbor viral DNA inserts of 15 to 16 kb, since they gave positive hybridization signals with either D2 [ 32 P)DNA (Fig. SB) or with C55 [ 32 P]DNA (Fig. 5C ). Only one clone was negative (lane 8), whereas another recombinant clone bad a relatively small DNA insert of 2.8 kb that hybridized positively (lane 6). All other recombinant clones (lanes 1 to 5 and 7) can be aligned with the HSRV restriction maps shown in Fig. 3 . As a representative example, the restriction fra.gment cleavage pattem of these recombinant clones obtained afterdouble digestion with BamHI + Hindill is shown in Fig. 6 . The viral 6B ). This result indicates that the Hindlll-BamHI DNA fragments of both clones;Cll and C55, are colinear on the HSRV map (Fig. 3) . This interpretation was verified by nucleotide sequence analysis (Flügel et al., 1987) . Similar mapping experiments and nucleotide sequence analyses confrrmed the restriction maps of all recombinant clones shown in Fig. 3 . Clone 52 DNA is particularly interesting, since its viral DNA insert of 2.2 kb is located at the 3' end of the HSRV map and, as revealed by nucleotide sequencing, contains the complete 3' L TR. Fig. 1 Fig. 3 ) bad been retained but the second BamHI (at the 3' end) was not present (Flügel et al., 1987) .
( d) Conclusions
Spumaretroviral DNA has been molecularly cloned into various restriction enzyme sites of two different .A. vectors and several bacterial plasmid vectors. Two completely independent sources of HSRV DNA were used as starting material for molecular cloning cDNA and viral DNA from total genomic DNA of HSRV-infected cells. The viral DNA inserts of the resulting recombinant clone" hybridized to each other and displayed colinear restriction maps having LTRs at the ends of the genome. These results demonstrate that the complete HSRV genome is represented by the recombinant plasmid clones obtained. However, some ofthe clonesbad sustained internal deletions. For example, clone 02 that was cloned from HSRV cDNA contains three deletions of different sizes as determined by nucleotide sequence analyses of different HSRV recombinant clones (Flügel et al., 1987) . One deletion of 1230 bp was found to be located in the pol region (in the central part of the reverse transcriptase domain), the other two deletions were in the L TR. These studies cannot determine how these deletions were generated. There have been several reports on deletions that occurred during molecular cloning of retroviral and specially lentiviral DNA (Molineaux and Qements, 1983; Hahn et al., 1984) . Since the deletions of clone 02 in the pol gene and the L TR are flanked by a short repeat sequence, one can assume that they have occurred during molecular cloning. Altematively, the event could have happened during in vitro cDNA synthesis. This conclusion rests on the primary structure of clone D2 DNA and in addition is based on the assumption that during cDNA synthesis in vitro, a full-length, double-stranded DNA was generated containing one L TR only which subsequently underwent deletions. Proviral DNAs with one LTR have been isolated and characterized previously . Recombinant clone 11 that was established from viral DNA has an unusual and remarkable structure. Restrietion fine mapping of C 11 revealed that a recombination andjor integration event had occurred into the pol regionoftbis clone. Nucleotide sequence analysis unequivocally showed that another HSRV DNA bad been inserted close to map position of 3.9 kb (Fig. 3) . Thus, the 5' LTR of the 'integrated' HSRV starts at this map position, the viral genome running backwards continues to the Bam HI site that is located 5.6 kb upstream from this 'integration' point. The mechanism for this event is unknown.
In conclusion, recombinant plasmid clones have been established for the complete HSRV genome. The recombinant cloneswill be useful for the analysis ofthe structure of spumaretroviral genes and expression of their gene products. They will be invaluable as a new diagnostic sequence to probe patients with various diseases of suspected viral etiology.
